ST2 is an IL-1 receptor family member with transmembrane (ST2L) and soluble (sST2) isoforms. sST2 is a mechanically induced cardiomyocyte protein, and serum sST2 levels predict outcome in patients with acute myocardial infarction or chronic heart failure. Recently, IL-33 was identified as a functional ligand of ST2L, allowing exploration of the role of ST2 in myocardium. We found that IL-33 was a biomechanically induced protein predominantly synthesized by cardiac fibroblasts. IL-33 markedly antagonized angiotensin II-and phenylephrine-induced cardiomyocyte hypertrophy. Although IL-33 activated NF-kB, it inhibited angiotensin II-and phenylephrine-induced phosphorylation of inhibitor of NFkBa (IkBa) and NF-kB nuclear binding activity. sST2 blocked antihypertrophic effects of IL-33, indicating that sST2 functions in myocardium as a soluble decoy receptor. Following pressure overload by transverse aortic constriction (TAC), ST2 -/-mice had more left ventricular hypertrophy, more chamber dilation, reduced fractional shortening, more fibrosis, and impaired survival compared with WT littermates. Furthermore, recombinant IL-33 treatment reduced hypertrophy and fibrosis and improved survival after TAC in WT mice, but not in ST2 -/-littermates. Thus, IL-33/ST2 signaling is a mechanically activated, cardioprotective fibroblast-cardiomyocyte paracrine system, which we believe to be novel. IL-33 may have therapeutic potential for beneficially regulating the myocardial response to overload.
Introduction
Cardiomyocyte hypertrophy and cardiac fibrosis are common pathophysiological processes in many heart diseases, including myocardial infarction, hypertension, and valvular diseases (1) (2) (3) (4) . Traditionally, these pathophysiological changes have been considered adaptive responses to mechanical overload (1, 3, 5) in an attempt to restore wall stresses to normal levels (1, 5) . However, the myocardial response to mechanical overload (2, 3) can eventually lead to compromised contractile performance (2, 3) as well as lethal cardiac arrhythmias (4) . Thus, understanding mechanically induced pathways in the myocardium could lead to new approaches to preventing heart failure (2) (3) (4) (5) .
It has been known for several years that ST2, an IL-1 receptor (IL-1R) family member, is basally expressed by cardiomyocytes (6) . ST2 has 2 primary isoforms regulated by different promoters (7) . The transmembrane ST2 isoform (ST2L) is a membrane-bound isoform with 3 extracellular IgG domains, a single transmembrane domain, and an intracellular SIR domain homologous to TLRs and other IL-1Rs. The soluble ST2 isoform (sST2) lacks the transmembrane and intracellular domains (7) . Both ST2L and sST2 are biomechanically induced in cardiomyocytes (6) . Furthermore, elevations of serum sST2 predict worse prognosis in patients with chronic heart failure (8) and those with acute myocardial infarction (9) . The mechanisms by which ST2 signaling may affect myocardial pathophysiology have not yet been identified, in part because over a decade of searching had not yet yielded a functional ligand for ST2 (10, 11) . However, using a structural bioinformatics approach, Schmitz et al. recently identified a novel IL-1-related sequence from a dog brain cDNA library (12) . This protein, now called IL-33, proved to be a functional ligand of ST2L capable of activating NF-κB, the common signaling pathway of IL-1R/TLRs (12) .
This discovery of IL-33 as a ligand for ST2 has allowed us to explore the role of IL-33/ST2 signaling in the myocardium. We hypothesized that IL-33/ST2 signaling plays a key role in regulating the myocardial response to biomechanical overload in cardiac fibroblasts and cardiomyocytes, because both cell types are mechanically activated (3, 4) and highly interactive (13, 14) . Our data showed that IL-33/ST2 signaling was a biomechanically activated system that controlled cardiomyocyte hypertrophy and cardiac fibrosis. Abolishing ST2 signaling in mice led to marked cardiac hypertrophy and fibrosis following pressure overload; in addition, treatment of WT mice with purified recombinant IL-33 protected the myocardium. These data reveal IL-33/ST2 signaling as a crucial cardioprotective mechanism and provide insight into the paracrine signaling between cardiomyocytes and cardiac fibroblasts during mechanical overload.
Results

IL-33 is mechanically induced in cardiac fibroblasts and antagonizes hypertrophic stimuli.
Analysis of rat neonatal cardiomyocytes and cardiac fibroblasts revealed that gene expression of IL-33 as well as sST2 was more than 5-fold greater in cardiac fibroblasts than in cardio- Figure 1, A and B) . Cyclic biomechanical strain (8%, 1 Hz) induced the expression of both IL-33 and sST2 in both cell types. In an evaluation of other stimuli, quantitative PCR showed that phorbol 12-myristate 13-acetate (PMA; 0.2 μM) and angiotensin II (0.1 μM) also induced the expression of IL-33 in both cell types; in contrast, neither TNF-α (10 ng/ml) nor IL-1β (10 ng/ml) induced IL-33 gene expression (data not shown).
myocytes (
We then expressed and purif ied recombinant rat and human IL-33 using affinity chromatography. Both recombinant IL-33 proteins were of high purity, as both polyacrylamide electrophoresis and Coomassie staining revealed a single band ( Figure 1C) , and the purified IL-33 bound to the mouse ST2 protein, as demonstrated by pulldown of IL-33 using a recombinant ST2L-Fc chimera protein ( Figure 1D ). Endotoxin levels in the purified IL-33 were undetectable by Limulus amebocyte lysate assay (<0.03 EU/μg protein). We raised a rabbit polyclonal antiserum against rat IL-33 and purified the antibodies from the antiserum by affinity chromatography. Western analysis showed that basal expression of IL-33 protein by cardiac fibroblasts was much greater than that in cardiomyocytes, and cyclic biomechanical strain (8%, 1 Hz) induced IL-33 protein in both cell types ( Figure 1E ). In vivo, immunof luorescent staining of mouse myocardium showed that pressure overload induced by transverse aortic constriction (TAC) increased IL-33 protein expression in cardiac interstitial cells more than in cardiomyocytes ( Figure 1F ). Immunof luorescence staining with antibodies to vimentin as well as discoidin domain receptor-2 (DDR-2) -which is expressed by cardiac fibroblasts but not by endothelial cells, smooth muscle cells, or cardiomyocytes (4, 15) -revealed nearly identical results ( Figure 1F) .
To determine the effects that cardiac f ibroblast-secreted IL-33 might have on adjacent cardiomyocytes, cultured rat neonatal cardiomyocytes were treated with recombinant IL-33. In repeated experiments, IL-33 demonstrated a modest, dosedependent prohypertrophic trend that was not statistically significant ( Figure 2A ). However, IL-33 potently blocked cardiomyocyte hypertrophy induced by either angiotensin II or phenylephrine in a dose-dependent manner (Figure 2A ). The sST2 protein reversed the antihypertrophic effect of IL-33 in a dose-dependent manner ( Figure 2B ), indicating that sST2 probably functions as a soluble In the top blots, conditioned media (20 μl) were analyzed by Western analysis. PMA dose-dependently increased secretion of both IL-33 and sST2. Below, media were preincubated in the presence or absence of 20 μg sST2-Fc protein and then incubated with presaturated beads for 2 hours. Samples preincubated with sST2-Fc had little IL-33, indicating that preincubation with sST2-Fc removed free IL-33. PMA dosedependently decreased free IL-33 despite an increase in overall IL-33; these data suggest that induced sST2 can function as a decoy receptor, decreasing free IL-33.
decoy receptor by binding IL-33 and preventing ST2L signaling. Blocking the ST2L receptor with an anti-ST2L monoclonal antibody eliminated the antihypertrophic effect of IL-33, unlike control IgG ( Figure 2C ), demonstrating that the effects of IL-33 are specifically through the ST2L receptor. In addition, the ability of sST2 to further augment the hypertrophic response under stimulation with either angiotensin II or phenylephrine was not observed with the control IL-1R-related protein 2 fusion protein ( Figure 2D ). The antihypertrophic effect of IL-33 was further confirmed by in vitro cell size measurement of cardiomyocytes ( Figure 2E ) with or without angiotensin II (0.1 μM) or IL-33 (10 ng/ml) stimulation as well as application of an anti-ST2L antibody (100 μg/ml) that was previously reported to be a functional inhibitor of IL-33/ST2 signaling (12) . The results ( Figure 2E ) were similar to those of the leucine uptake analysis. These data strongly suggest that IL-33 is a mechanically induced ligand for ST2L and that sST2 blocks IL-33/ST2L signaling.
High levels of sST2 can predict worse prognosis in cardiovascular patients, which suggests that sST2 levels are sufficient to sequester endogenous IL-33 levels. Despite the current lack of information on endogenous IL-33 levels in humans, we tested the hypothesis that the stimuli that increased sST2 could sequester unbound IL-33. When rat neonatal cardiac fibroblasts were stimulated with increasing doses of PMA, both sST2 and total IL-33 were induced ( Figure 2F ). However, unbound IL-33 diminished, indicating that sST2 induction could potentially limit IL-33 signaling ( Figure 2F ). These data suggest that the local ratio of IL-33 and sST2 could regulate IL-33 signaling.
IL-33 blocks NF-κB activation by angiotensin II and phenylephrine. Because NF-κB is a signaling pathway common to IL-1R/TLRs, including IL-33 and ST2 (12), and NF-κB plays a role in cardiac hypertrophy (16), we explored the role of NF-κB activation in the antihypertrophic effect of IL-33. Quantitative analyses from 5 separate experiments in cardiomyocytes ( Figure 3A ) and cardiac fibroblasts ( Figure 3B ) with or without angiotensin II (1 μM), phenylephrine (50 μM), or IL-33 (10 ng/ml) confirmed that IL-33, angiotensin II, and phenylephrine independently activated NF-κB in both cell types. However, the activation of NF-κB by angiotensin II and phenylephrine in cardiomyocytes was attenuated by IL-33; this effect was only transiently observed in cardiac fibroblasts. As shown by quantitative analyses from 4 separate experiments in cardiomyocytes ( Figure 3C ) and cardiac fibroblasts ( Figure 3D ), angiotensin II and IL-33 induced inhibitor of NF-κBα (IκBα) phosphorylation in both cell types, but IL-33 reduced IκBα phosphorylation in cardiomyocytes, consistent with the EMSA results. Transient transfection reporter assays (n = 3 mice per group) also demonstrated that angiotensin II increased NF-κB promoter activity (66% ± 26%; P < 0.05; data not shown) and that cotreatment with IL-33 abolished the induction of NF-κB promoter activity (8% ± 12%; P = NS; data not shown). Furthermore, cotreatment with sST2 released the repression of NF-κB promoter activity by IL-33 (42% ± 5%; P < 0.05; data not shown). Interestingly, the reduction in both NF-κB nuclear binding activity and IκBα phosphorylation by IL-33 was not observed under stimulation with PDGF-BB (10 ng/ml) or TNF-α (10 ng/ml), which also activate NF-κB ( Figure 3E ). These data demonstrate a dual nature of IL-33 signaling in cardiomyocytes, with mild activation of NF-κB but attenuation of NF-κB by other hypertrophic stimuli.
IL-33 can also activate MAPK pathways (14) . In cardiomyocytes, IL-33 increased phosphorylation of ERK, p38, and JNK MAPKs ( Figure 3F ). IL-33-induced activation of MAPK pathways was generally modest compared with IL-1β in cardiomyocytes. Interestingly, cotreatment with IL-33 did not affect ERK phosphorylation, but decreased p38 MAPK and JNK phosphorylation induced by angiotensin II. IL-33 minimally activated Akt and did not impair angiotensin IIinduced Akt activation ( Figure 3F ). These data suggest that IL-33 may have antihypertrophic properties through suppression of agonist-induced MAPK pathways, but the effects on MAPK sig- Computer-based image analysis was used for measurements. ST2 -/-mice developed more cardiomyocyte hypertrophy and cardiac fibrosis after TAC than did WT mice. Furthermore, treatment with IL-33 (2 μg/d i.p.) significantly improved these changes in WT mice, but not in ST2 -/-mice. C, nonoperated control. Scale bar: 10 μm. (C) Gross measurement of heart weight normalized to body weight was consistent with the histomorphometric analyses. *P < 0.05 versus nonoperated control (B) or sham-operated WT (C); § P < 0.05 versus the same treatment in WT; † P < 0.05 versus sham in the same group; # P < 0.05.
naling was less dramatic compared with the effects of IL-33 on NF-κB activation.
Because hypertrophic stimuli such as angiotensin II can signal through the generation of ROS (17), we also performed experiments to determine whether IL-33 regulates angiotensin II-mediated ROS generation. As shown in Figure 3 , G and H, we observed that IL-33 significantly decreased the generation of ROS in the presence of angiotensin II or phenylephrine.
ST2 signaling is cardioprotective in vivo. The above experiments demonstrated that IL-33 was antihypertrophic in vitro and that sST2 inhibited IL-33 signaling through ST2L. Prior human studies have demonstrated that increased sST2 is an adverse prognostic sign in cardiovascular disease (8, 9) . This raises the hypothesis that IL-33 signaling through ST2L is cardioprotective in vivo. To explore this hypothesis, we performed genotype-blinded TAC in ST2 -/-mice versus WT littermate controls. The ST2 -/-mouse has deletion of most of exons 4 and 5 of the ST2 gene and thus lacks both ST2L and sST2; the mouse develops normally, although it is deficient in T helper cell type 2 cytokine responses (18) .
Histological studies ( Figure 4A ) demonstrated increased cardiac fibrosis and increased cardiomyocyte cross-sectional area after TAC in ST2 -/-mice (n = 12) compared with WT littermates (n = 10; Figure 4B ). Furthermore, administration of purified IL-33 (2 μg/d i.p. for 4 weeks) reduced cardiac fibrosis and cardiomyocyte hypertrophy in WT mice, but not in ST2 -/-littermates (as expected, since the IL-33 ligand should not affect mice without the ST2L receptor unless there is another, as-yet unknown IL-33 receptor). Gross heart/body weight measurements were consis- tent with histomorphometric data, revealing an antihypertrophic effect of IL-33 in WT mice but not in ST2 -/-mice ( Figure 4C ). In contrast, no change in any parameter was observed among nonoperated control (n = 7), sham-operated WT (n = 8), and shamoperated ST2 -/-(n = 8) groups.
A separate echocardiographic analysis (also blinded to genotype) was performed in these animals. These data demonstrated that deletion of ST2 caused both increased hypertrophy and impaired systolic function following TAC ( Figure 5A ). In addition, treatment with IL-33 reduced hypertrophy in WT mice, but not in ST2 -/-littermates. Increased left ventricular dilation and reduced fractional shortening were observed only in ST2 -/-mice after TAC, and these changes were not reversed by treatment with IL-33 in ST2 -/-mice ( Figure 5A ).
Following TAC, ST2 -/-mice had increased gene expression of atrial and B-type natriuretic peptides (ANP and BNP; Figure 5 , B and C), genes commonly induced by hypertrophic stimuli. Treatment with IL-33 markedly attenuated induction of both genes in WT but not in ST2 -/-mice. Quantitative gene expression analysis confirmed that deletion of ST2 signaling enhanced the induction of BNP by TAC and that treatment with IL-33 effectively reversed the induction of these hypertrophic genes in WT mice, but not ST2 -/-mice, with TAC ( Figure 5C ). Consistent with the in vitro experiments described above, TAC-enhanced NF-κB nuclear binding activity was prominently observed in left ventricular myocardia of both WT and ST2 -/-mice. IL-33 inhibited NF-κB induction only in WT mice and not in ST2 -/-mice ( Figure 5D ). Because some previous reports showed regional myocardial infiltration of inflammatory cells in experimental studies with mice under pressure overload (19, 20) , we evaluated macrophage infiltration within myocardium after 1 week of treatment in both phenotypes. As shown in Figure 6A , IL-33 did not significantly increase macrophage infiltration in WT or ST2 -/-mice, including perivascular regions. However, mice with TAC showed significant increases in macrophage infiltration, which was decreased by cotreatment with IL-33 in WT mice. Furthermore, to investigate the mechanism of cardiac histological and functional changes, we also evaluated the presence of apoptosis within myocardium 4 weeks after operation with or without IL-33 treatment. There was an increase in the percentage of TUNEL-positive stained nuclei in mice that underwent TAC ( Figure 6A ), as previously reported (21, 22) . The percentage of TUNEL-positive cells was not changed by treatment with IL-33 or by genetic deletion of ST2 ( Figure 6A ). These data suggest that changes in apoptosis do not directly cause the changes in cardiac fibrosis.
In a separate blinded and randomized experiment, the role of IL-33/ST2 signaling in mortality after TAC was studied. Mortality was increased after TAC in ST2 -/-mice (n = 26) compared with WT littermates (n = 27; Figure 6B ). Furthermore, IL-33 significantly improved survival after TAC in WT mice (n = 27), but not in ST2 -/-littermates (n = 20). Echocardiographic studies were also performed on each mouse, and these data on mice that survived for 8 weeks after TAC indicated that ST2 -/-mice (n = 10) had a greater increase in left ventricular mass, wall thickness, and chamber size as well as impaired contractile function compared with WT littermates (n = 7; Figure 6C ). IL-33 treatment reduced wall thickness and increased fractional shortening in WT mice (n = 20), but not in ST2 -/-littermates (n = 7; Figure 6C ). In this experiment, all deaths were spontaneous, and no mouse required euthanasia due to signs of discomfort as determined by our veterinary staff.
Finally, because the initial description of IL-33 (12) showed inflammatory effects of recombinant IL-33, we studied histological changes in lungs from sham-operated mice that underwent recombinant IL-33 treatment. Mild infiltration of inflammatory cells within vessel walls and adjacent to the vessels was observed in the lungs of WT mice treated with 2 μg/d rat IL-33 for 7 days compared with vehicle-treated mice ( Figure 7A ). The inflammatory changes were more focal than those previously described (12) . Furthermore, the epithelial lining of the airways remained unchanged. None of these changes were observed in ST2 -/-mice with or without IL-33 treatment ( Figure 7A ), suggesting that the mild pulmonary inflammation is due to IL-33/ST2 signaling. To further explore the difference in the inflammatory response in contrast with the prior report (12), we compared activation of intracellular signaling pathways by mouse IL-1β (positive control) with that by different amounts of rat and human IL-33 at different time points ( Figure 7B ) on mouse NIH3T3 cells. Both rat and human IL-33 activated ERK, JNK, p38, and NF-κB. Surprisingly, there was a trend toward more intense activation by human IL-33.
Discussion
Although ST2 is a potentially useful biomarker in heart diseases such as heart failure (8) and myocardial infarction (9), the pathophysiological role of ST2 in the myocardium has been unclear, largely due to the lack of a known ligand for ST2. Here we showed that the recently described ligand IL-33 was synthesized by cardiac fibroblasts and abrogated angiotensin II-and phenylephrineinduced hypertrophy in cardiomyocytes in vitro. Furthermore, targeted deletion of ST2 in mice enhanced cardiac hypertrophy and fibrosis following mechanical overload and impaired contractility and survival, while administration of purified recombinant IL-33 improved pathological changes and survival in WT mice, but not in ST2 -/-mice. Therefore, these data demonstrate that IL-33/ST2 signaling protects the myocardium under mechanical overload.
IL-1R/TLR superfamily receptors share similar downstream signaling pathways (23), including binding with adaptor proteins such as myeloid differentiation primary-response pro-
Figure 7
Rat IL-33 has weaker potency than human IL-33 and causes focal pulmonary inflammation in mice. (A) Representative specimens of lung (H&E stain; original magnification, ×100) from mice 1 week after sham operation with or without 7 days' treatment with rat IL-33 (2 μg/d). In the pulmonary parenchyma of WT mice, IL-33 treatment led to mild focal infiltrations of inflammatory cells (arrows) within and adjacent to vessels. This was not seen in vehicle-treated mice. These changes were not observed in ST2 -/-mice with or without IL-33 treatment. (B) Time-and dose-dependent activation of ERK, JNK, p38, and p65-NF-κB by mouse IL-1β and recombinant mature rat or human IL-33 are shown. Mature rat IL-33 showed relatively weaker activation of MAPKs and NF-κB than the other proteins.
tein-88 (MyD88) and its variant, Mal; recruiting TNF receptor-associated factor-6 (TRAF6); and activating apoptosis signal-regulated kinase-1 (MEKKK, to activate p38MAPK; ref. 24 ) and NF-κB-inducing kinase-1 (NIK1, to activate IκB kinases; ref. 25 ) as well as TGF-β-activated kinase-1 (TAK1), which leads to activation of p38 MAPK (26) , JNK (25) or NF-κB (25, 26) . Because NF-κB plays a pivotal role in cardiomyocyte hypertrophy in vitro (27, 28) and in vivo (28, 29) , we studied the activation of NF-κB under both basal and stimulated conditions. IL-33 mildly activated NF-κB in basal conditions, but IL-33 markedly attenuated angiotensin II-and phenylephrineinduced NF-κB activation in cardiomyocytes.
Regulation of NF-κB activation may explain the antihypertrophic effect of IL-33. The mechanisms by which IL-33 may dampen NF-κB activation are unclear. Our experiments suggest that IL-33 can suppress ROS generation by angiotensin II or phenylephrine, and ROS generation has been implicated in NF-κB activation (17) . Alternatively, feedback inhibition (30) and oscillation (31) are commonly found with NF-κB activation, so that other mechanisms for the antihypertrophic effect of IL-33 are also plausible. Angiotensin II (28, 32) as well as other G protein-coupled receptor (GPCR) ligands (33) promote cardiac hypertrophy induced by mechanical pressure overload (26, 28, 29, 32, 34) . Interestingly, accumulating evidence suggests a relationship between signals induced by GPCR (especially angiotensin II) and those induced by the IL-1R/TLR superfamily in activating NF-κB and MAPKs in cardiomyocytes. For example, the small GTPase Rac1 (35, 36) , which is translocated to the cytoplasmic membrane and activated through angiotensin II receptors (35) , subsequently activates NADPH oxidases that produce ROS (36) , which regulate further downstream kinases. Li et al. (37) reported that Rac1 facilitates the recruitment of NADPH oxidases into active endosomal MyD88/ IL-1R1 complexes and subsequent redox-dependent recruitment of TRAF6 to the MyD88/IL-1R1 complex. Furthermore, depletion of TLR4 (29) or inactivation of MyD88 (34) decreases cardiac hypertrophy induced by TAC.
Using a higher dose and a longer treatment period, we observed similar, but reduced, pulmonary inflammation compared with the initial description of IL-33 by Schmitz et al. (12) . While IL-33 has proinflammatory effects in the lung, we did not observe increased macrophage or eosinophil infiltration in myocardium after IL-33 treatment. However, IL-33 reduced macrophage infiltration after TAC in WT mice, raising the hypothesis that IL-33 may be antiinflammatory and antifibrotic in myocardium through a primary effect on cardiomyocytes or other cardiac cells. In our study, we used purified mature rat IL-33 protein in mice, while the prior study used the recombinant human protein in mice. We generated mature rat and human IL-33 proteins by the same methods, and the direct comparison of potency between our recombinant rat and human IL-33 on mouse cells indicated weaker activation of MAPKs or NF-κB by mature rat IL-33 compared with mature human IL-33. This may explain why we observed less pulmonary inflammation than did Schmitz et al., who used human IL-33 in mice (12) . The mature mouse IL-33 amino acid sequence (GenBank accession no. AY905582) is 90% identical to that of rat IL-33 (GenBank accession no. BC081993), but only 57% identical to that of human IL-33 (GenBank accession no. AY905581), so the differences in inflammation may be due to differences between the human and rat IL-33 proteins or differences in the preparation or the genetic background of mice.
Fibrosis is a hallmark of long-standing myocardial overload, and the relationship between cardiac fibrosis and cardiomyocyte pathophysiology remains incompletely understood. Recent reports suggest that cardiac fibrosis might be regulated by signaling upstream of NF-κB (such as TAK1) in cardiomyocytes (26, 34) or by cross-talk with cardiomyocytes through cytokines (38) . We speculate that patients with increased sST2 may be inhibiting endogenous IL-33 and ST2 cardioprotection through the binding of myocardial IL-33 to sST2, thereby preventing signaling through ST2L. There was a trend toward increased amino acid uptake due to sST2 in cardiomyocytes also treated with angiotensin II or phenylephrine. This could be due to a direct effect of sST2, as has been previously suggested (39) . Alternatively, in these experiments, sST2 could have reduced endogenous IL-33 signaling. Although cardiomyocytes appear to synthesize less IL-33 than do cardiac fibroblasts, it is possible that endogenous IL-33 suppresses angiotensin II-or phenylephrine-induced amino acid uptake. This concept is supported by the trend toward increasing leucine uptake by the anti-ST2 antibody in the presence of angiotensin II. In addition, we observed that PMA caused a dose-dependent robust induction in both sST2 and IL-33 protein expression, with a dose-dependent decrease in free IL-33. This further supports the concept of sST2-bound sequestration of IL-33 that could decrease physiological activity of IL-33 on cells through a decoy action of sST2. Although our data are consistent with cardioprotective IL-33 signaling and inhibition of cardioprotection by sST2 as a decoy receptor, it is also possible that sST2 may serve as a reservoir for IL-33. This scenario has been described for soluble IL-6 receptor (40) . Thus, sST2 may function as more than an inhibitor of ST2L signaling. Detailed characterization of the relative binding affinities of native sST2 and ST2L for IL- 33 has not yet been performed. This characterization will be important for future understanding of the role of specific levels of sST2 as a decoy receptor. Soluble IL receptors can have substantially lower affinity to the same ligand compared with membrane-bound isoforms (41) , and thus substantial excess of sST2 may be necessary to inhibit IL-33 signaling through ST2L. Although these data demonstrate that myocardial cells express IL-33 and that IL-33 signaling can be cardioprotective, these experiments do not exclude a role for IL-33 or sST2 expression by noncardiac cells, including leukocytes.
There was a modest increase in NF-κB binding in the ventricles of ST2 -/-mice treated with IL-33. Although our data generally suggest no effect of IL-33 in the absence of ST2, we cannot conclusively exclude the possibility of another function of IL-33, other than binding to ST2. Finally, it is possible that sST2 is not only a biomarker for poor outcome, but also a true pathophysiological mediator of disease progression. This hypothesis will require further exploration of the quantitative relationships between serum sST2 levels and myocardial IL-33 paracrine signaling.
Methods
All reagents are from Sigma-Aldrich, otherwise noted. We expressed and purified IL-33 proteins for all of the experiments described using affinity chromatography as described in Production of recombinant rat and human IL-33 protein and polyclonal anti-rat IL-33 antibody.
ST2 -/-mice. Targeted ST2-disrupted mice were maintained on a 129 × C57BL/6 background as described previously (18) . All animal procedures were conducted in accordance with guidelines published in the NIH Guide for the Care and Use of Laboratory Animals and were approved by the Harvard Medical School Standing Committee on Animals.
Cell culture and cyclic mechanical strain. Cell culture of rat neonatal cardiomyocytes and cardiac fibroblasts was performed as previously described (42, 43) . Briefly, hearts from 1-to 3-day-old Sprague-Dawley rat neonates (Charles River Laboratories) were digested with trypsin (1 mg/ml; Invitrogen) and collagenase II (0.8 mg/ml; Worthington Biochemical Corp.) and plated on noncoated culture dishes for 1.5 hours. Attached cells were further cultured with Dulbecco's modified essential medium (Invitrogen) containing 10% fetal bovine serum (Invitrogen) and used as cardiac fibroblasts after 2 passages. Nonattached cells were replated on 0.1% gelatin-precoated dishes and further cultured with 7% fetal bovine serum as cardiomyocytes. Cells were serum-starved for 24 hours prior to experiments. Biomechanical strain of cells was performed as previously described (6, 44) . For in vitro cell size analysis, cardiomyocytes were plated at 30%-40% confluence to allow definition of cell borders. Cell culture of mouse NIH3T3 cells was performed using Dulbecco's modified essential medium (Invitrogen) containing 10% fetal calf serum (Invitrogen).
Quantitative PCR. mRNA expression was analyzed by quantitative PCR using the QuantiTect SYBR Green reverse transcription-PCR kit (QIAGEN) and the Light Cycler System (Roche Applied Science) as previously described (45) . Total RNA was extracted from cells with TRI reagent, and 0.2 μg of RNA was analyzed. Sequences of PCR primers were as follows: rat IL-33, 5′-TCGCACCTGTGACTGAAATC-3′ and 5′-ACACAG-CATGCCACAAACAT-3′; rat ANP, 5′-ATACAGTGCGGTGTCCAACA-3′ and 5′-CGAGAGCACCTCCATCTCTC-3′; rat BNP, 5′-GGAAATGGCT-CAGAGACAGC-3′ and 5′-CGATCCGGTCTATCTTCTGC-3′.
Northern analysis. Purified RNA from adult rat brains was used for the synthesis of cDNA with reverse transcriptase-PCR. The primer set for the synthesis of the 471-base pair IL-33 cDNA probe, the 245-base pair sST2 cDNA probe, and the 242-base pair mouse BNP cDNA probe were as follows: IL-33, 5′-AGTATCCAAGGAACTTCACTGCTA-3′ and 5′-TTA-CATCTTAGAGAGCTTAAACATGAT-3′; sST2, 5′-TTACCCAGCCAGGAT-GTTTC-3′ and 5′-CTAGGGGCTTGGCTTCTCTT-3′; rat ANP, 5′-ATA-CAGTGCGGTGTCCAACA-3′ and 5′-CGAGAGCACCTCCATCTCTC-3′; mouse BNP, 5′-CAGCTCTTGAAGGACCAAGG-3′ and 5′-AGACCCAG-GCAGAGTCAGAA-3′. Northern analysis was performed as previously described (44) . Autoradiograms were quantified by densitometry (Scion Image 4.0), and mRNA levels were normalized to densitometry of 18S or 28S ribosomal RNA ethidium bromide staining.
Production of recombinant rat and human IL-33 protein and polyclonal antirat IL-33 antibody. The GenBank accession numbers for rat and human IL-33 are BC081993 and AY905581, respectively. Rat or human IL-33 cDNA was subcloned into the expression vector pTrcHis-TOPO (Invitrogen), starting with amino acid 109 or 112 of the full-length rat or human protein, respectively, with an N-terminal His tag. After sequencing, One-shot TOP10 bacteria (Invitrogen) were transformed, and expression was induced with Isopropyl β-D-1-thiogalactopyranoside. Four hours after induction, bacteria were harvested and the pellet was resuspended in B-PER Bacterial Protein Extraction Reagent (Pierce Biotechnology) with EDTA-free protease inhibitor cocktail. The lysate was purified with Ni-chelating affinity chromatography using a Ni-NTA Purification system (Invitrogen). Briefly, Ni-NTA beads were washed twice after batch binding with 40 ml of 20 mM imidazole, 300 mM NaCl, and 50 mM potassium phosphate, pH 8.0. IL-33 was eluted with 10 ml of 250 mM imidazole, 300 mM NaCl, and 50 mM potassium phosphate, pH 8.0. IL-33 protein was further concentrated, dialyzed, and purified by high-performance liquid chromatography (BioLogic DuoFlow System; Bio-Rad) using a HiPrep sephacryl size exclusion column (GE HealthCare) with buffer containing 150 mM NaCl and 50 mM potassium phosphate, pH 7.2. Endotoxin level (<0.03 EU/μg protein) was determined by Limulus Amebocyte Lysate PYROGENT Ultra (Cambrex) as previously described (12) . Using this protein, we raised a polyclonal anti-rat IL-33 antibody in rabbits (Maine Biotechnology) and purified the antibody with protein-A affinity chromatography. Pulldown assay between recombinant IL-33 with His tag and mouse ST2L-Fc chimera (R&D Systems) was performed as described previously (12) with some modification, i.e., using Ni-NTA beads (Invitrogen) and anti-HisG antibody (Invitrogen) instead of agarose-bound avidin D and streptavidin-HRP conjugate, respectively, followed by appropriate secondary HRP-conjugated antibody (Bio-Rad) reaction for 1 hour at room temperature and enhanced chemiluminescence.
[ 3 H]-Leucine incorporation assay. Leucine incorporation in rat neonatal cardiomyocytes was detected as previously described (46) . Cells were treated with 1.0 μCi/ml [ 3 H]-leucine (PerkinElmer) for 24 hours, washed, and fixed with 10% trichloroacetate for 45 minutes at 4°C, after which radioactivity was determined by liquid scintillation counting (Beckman Coulter). We used rat anti-mouse ST2L monoclonal antibody (R&D Systems) as a functional neutralizing antibody, as reported previously (12) . We also used normal rat IgG2a and human IL-1R-related protein 2-Fc chimera (R&D Systems) as controls for rat anti-mouse ST2L monoclonal antibody and human sST2-Fc chimera (R&D Systems), respectively.
Fluorescence microscopy. Immunofluorescence staining on paraffinembedded mouse hearts or rat neonatal cardiomyocyte cell culture was performed as described previously (42, 45) . In addition to rabbit polyclonal anti-IL-33 antibody (diluted 1:100; Maine Biotechnology), mouse monoclonal (anti-vimentin, diluted 1:100; Abcam; ref. 42 ) and goat polyclonal (anti-discoidin domain receptor-2, diluted 1:50; Santa Cruz Biotechnology Inc.; refs. 4, 15) antibodies were used to detect fibroblasts in separate specimens. Samples were visualized using an inverted fluorescent microscope (IX-70; Olympus). For measuring cardiomyocyte size, the surface area of the cells was calculated with ImagePro Express software. Cells from randomly selected fields were analyzed.
Immunohistochemistry and TUNEL analysis. Formalin-fixed, paraffin-embedded sections were prepared as previously described (42) . For immunohistochemistry, the first antibodies used were anti-cleaved caspase-3 (Cell Signaling Technology) and anti-mac3 (BD Biosciences). For TUNEL analysis, the In Situ apoptosis detection kit (Chemicon) was used according to the manufacturer's protocol with some optimal modifications on the treatment periods to reduce reaction time with DAB within a minute.
EMSA. EMSAs were performed as described previously (47) . Cells were lysed for 10 minutes on ice in 10 mM HEPES (pH 7.6), 15 mM KCl, 2 mM MgCl2, 0.1 mM EDTA, 1 mM DTT, 0.5 mM PMSF, 10 μg/ml leupeptin, and 0.2% Nonident P-40. Dishes were gently scraped, and nuclei were collected by centrifugation at 800 g for 30 seconds and then suspended in a solution of 50 mM HEPES, 400 mM KCl, 0.1 mM EDTA, 10% glycerol, 1 mM DTT, 0.5 mM PMSF, and 10 μg/ml leupeptin. The mixture was incubated on ice for 30 minutes, and the supernatant was collected after centrifugation for 15 minutes at 400 g. Binding reactions were performed with 5 or 10 μg of nuclear protein in 10 mM Tris, 1 mM DTT, 1 mM EDTA, 5% glycerol, 0.1% Triton X-100, 1 mg poly(dIdC), 5 μg BSA, and 10,000 cpm of [ 32 P]-labeled oligonucleotide. The specific NF-κB consensus oligonucleotides were 5′-AGTTGAGGGGACTTTCCCAGGC-3′ and 5′-GCCTGGGAAAGTCCCCTCAACT-3′ (Promega). Positive and negative control mixtures as well as specific competition mixtures were made as recommended by the manufacturer, using binding buffer with positive samples, labeled NF-κB oligonucleotides, and 10-fold excess of cold NF-κB consensus oligonucleotides for specific competition. DNA complexes were separated on a 6% nondenaturing polyacrylamide gel in Tris-HCl (6.7 mM), EDTA (1 mM), and ammonium acetate (3.3 mM).
NF-κB luciferase assay. Neonatal rat cardiomyocytes were transfected using Lipofectamine Plus (Invitrogen) with a luciferase reporter plasmid for NF-κB and with β-galactosidase as described previously (47) . After 48 hours of transfection, cells were then stimulated for an additional 24 hours, lysed, treated with Dual-Light assay system (Applied Biosystems), and analyzed using a luminometer (PerkinElmer).
Oxidative stress assay. We performed an assay to detect oxidative stress as reported previously (48) . Cardiomyocytes were incubated with 2,7-dichlorodihydrofluorecein diacetate (DCFDA; Molecular Dynamics Inc.) for 45 minutes and washed in phosphate-buffered saline, and fluorescence intensity was measured using a fluorometer (PerkinElmer) at 595 nm.
Immunoprecipitation. Immunoprecipitation was performed as described previously (45) with some modifications. Briefly, after washing with PBS, protein G-agarose beads were presaturated with a far-excessive amount of human sST2-Fc protein (R&D Systems) at 4°C overnight and then washed 3 times with PBS. Conditioned media (1 ml) with or without 20 μg sST2-Fc protein preincubation was then incubated with presaturated beads for 2 hours at room temperature.
Western analysis. Western analyses were performed as described previously (45) . Membranes (PVDF; PerkinElmer) were incubated overnight with primary antibodies anti-p44/42 MAPK, diluted 1:500; phosphorylated p44/42 MAPK (Thr202/Tyr204), diluted 1:1,000; phosphorylated JNK (Thr183/Tyr185), diluted 1:500; p38 MAPK, diluted 1:500; phosphorylated p38 MAPK (Thr180/Tyr182), diluted 1:500; phosphorylated Akt (Ser473), diluted 1:1,000; phosphorylated IκBα, diluted 1:1,000; p65/NF-κB, diluted 1:1,000; and phosphorylated p65/NF-κB, diluted 1:1,000 (all from Cell Signaling Technology); anti-mouse ST2L, diluted 1:1,000 (R&D Systems); and anti-IL-33, diluted 1:500 (Maine Biotechnology) at 4°C, detected with HRP-conjugated antibodies (Bio-Rad) and enhanced chemiluminescence.
TAC and treatment with IL-33 protein. Targeted ST2 -/-mice and their WT littermates were used for the experiments. TAC was produced as described previously (49, 50) on 8-to 10-week-old mice. All operative procedures were performed by a single operator with over 20 years' rodent cardiac surgery experience who was blinded to genotype and the randomized treatment assignment. Following the procedure, each mouse received daily i.p. injection of recombinant rat IL-33 (2 μg) or vehicle from the day after TAC induction until the day of harvest.
Echocardiography. Echocardiographic acquisition and analysis were performed by an echocardiographer blinded to treatment group. Light anesthesia with spontaneous respiration was achieved with intraperitoneal pentobarbital (10 μg/g). All images were taken at a heart rate greater than 400 beats per minute to minimize effects of anesthesia, using a Sonos-4500 echocardiography system (Philips) and a 15-MHz transducer (Philips). The average of 3 consecutive cardiac cycles was used. Left ventricular mass was calculated by the M-mode method (51) . Left ventricular fractional shortening was calculated as a percentage as follows: (EDD -ESD)/EDD × 100, where EDD is end-diastolic dimension and ESD is end-systolic dimension. The calculated and actual weights (taken at autopsy) had excellent correlation (r = 0.88; P < 0.0001; n = 50 mice from 1 and 4 weeks after TAC).
Histological analysis. A planimetry image analysis program developed in our laboratory was used by an investigator blinded to treatment group to quantitate the 30 high-power field regions randomly selected in each slice with H&E stain (for cross-sectional area) or Sirius red stain (for fibrotic area). The cross-sectional area of cardiomyocytes was measured as described previously (52) . Percent fibrotic area was calculated as (red area/total area) × 100. The scores from all slices were averaged to calculate their respective values.
Statistics. Data are expressed as mean ± SEM. Statistical significance was determined using 2-tailed Student's t test or ANOVA with Fisher's post-hoc test as appropriate. A P value less than 0.05 was considered statistically significant.
